Recent studies have shown evidence for modulation of cortical activity by attention in visual areas involved in motion processing. Behavioural effects of this modulation have only been reported for high-order, but not for luminance-based motion. We show that attentional load can even affect the perception of a first-order motion inducing a short-termed motion blindness. The detection of transient coherent motion embedded in a rapid serial visual presentation was severely impaired if colour features were to be processed simultaneously. The findings reported here show attentional requirements can affect motion perception. This effect can not be explained by motion adaptation or priming and may instead arise from the suppression of irrelevant stimuli.
Introduction
An influential dichotomy in visual perception occurs between features that are processed pre-attentively and attentively (Neisser, 1967) . Pre-attentively processed features require no attentional load to be perceived which implies that such features can be processed in parallel since there are no restrictions from limited attentional resources. Visual features that were assumed to be processed pre-attentively include orientation, colour, size difference and motion. Recently, the pre-attentive processing of stimulus orientation and colour has been questioned (Joseph, Chun, & Nakayama, 1997; Ross & Jolicoeur, 1999) . The modulation of motion perception by attentional demands has been primarily demonstrated in electrophysiological (ValdesSosa, Bobes, Rodriguez, & Pinilla, 1998) , and functional imaging studies (Bü chel et al., 1998) . These findings suggest that the neuronal processing of various motion signals, including first order (or luminance defined) motion, are affected by modulation in attention in all visual cortical areas (Treue & Maunsell, 1996; O'Craven, Rosen, Kwong, Treisman, & Savoy, 1997) . However, it has been shown that a modulation in physiological measures such as event-related brain potentials or haemodynamic response is not necessarily correlated with a perceptual change (Grady, 1996) . Although a few psychophysical studies have demonstrated attentional effects on motion processing (Chaudhuri, 1990; Alais & Blake, 1999; Raymond, 2000) , most studies have focussed on high-order motion stimuli (Cavanagh, 1992; Lu & Sperling, 1995) .
In order to examine the processing limitations of pre-attentive features, one may take advantage of the technique of rapid serial visual presentations (RSVP). RSVP has been established as a time-based analogue of visual search presenting targets and distractors in a sequential order. Embedding two target stimuli in the sequence, the limitations of time-based attention can be examined by varying the stimulus onset asynchrony (SOA). A deficit in the processing of the second target (T2) indicates that it requires processing resources occupied by the first target (T1). This effect has been reported for lexical forms (Shapiro, Raymond, & Arnell, 1994) , orientation (Joseph et al., 1997) and colour (Ross & Jolicoeur, 1999) . The two latter findings imply that even features which are thought to be processed pre-attentively and should therefore avoid this 'bottleneck', are not processed without any costs. However, the deficits in processing changes in orientation or colour (Joseph et al., 1997; Ross & Jolicoeur, 1999) were both driven by the detection and discrimination of a lexical form (T1), which is not thought to be processed pre-attentively.
Here we show that the processing of a simple local target (T1) such as detection of a fixation colour, can severely impair the detection of both transparent and first order global motion in random dot patterns.
Methods
Subjects viewed two separate RSVP streams (one global and one local) presented simultaneously. Our local stream consisted of random changes in colour of a fixation point every 100 ms. The fixation colour was either green, blue or one of five grey levels and subtended 0.5°. Target T1 was a red fixation colour placed randomly within 1.5-3 s after the start of the local RSVP. See Fig. 1 for a schematic diagram of the stimuli. The global target consisted of a moving random-dot pattern containing equal numbers of black and white dots, presented within an annulus surrounding the fixation point for the duration of each trial. Target T2 (probe) was a coherent motion of one group of dots (black or white at 100% coherence) for a duration of 100 ms in either a horizontal or a vertical direction, while the second group of dots moved randomly. Before the presentation of T1, each fixation colour change was accompanied either by random or coherent motion of the random-dot pattern. Subjects were instructed to fixate on the fixation point for the duration of each trial and to ignore all coherent motion prior to T1. In half of the trials there was one coherent motion interval (T2), at a randomly chosen SOA after T1. The SOA was varied in eight equidistant lags (0-700 ms). There was an interval of at least 100 ms (experiment 1) or 300 ms (experiments 2-5) before T1 during which coherent motion was not presented. No coherent motion occurred after T2. Subjects were required to report whether they detected the presence of coherent motion T2 and report (if necessary by guessing) its direction of motion. Each trial had a duration of 4 s which was divided into 100 ms time-slices. The fixation colour and orientation of any coherent motion was kept constant within a time-slice. The screen refresh rate was 100 Hz and the new position of each dot was calculated and re-plotted at each new frame. Sixty presentations were shown at each lag per subject. Analysis of variance was used for all statistical tests.
Results
The average results for five subjects in experiment 1 are shown in Fig. 2 . If detection of motion demands little or no attentional load, responding to T1 should have little or no effect on motion detection. As shown, the detection of motion (filled diamonds) and correct direction discrimination (open circles, chance level 50%) are impaired for lags below 300 ms (effect of lag: PB 0.001). Fig. 1 . A schematic diagram of the stimulus configuration is shown. Each motion interval is 100 ms in duration. The fixation colour is set randomly to green, blue or one of five gray scales before T1. Distractor motions to be ignored are the coherent movement of one group of dots prior to T1. There is only on coherent motion interval of one group of dots (T2) taking place either at the same time or shortly after T1 in half of the trials. Duration of each trial was 4 s. The subjects were asked to report after each trial: (i) whether they saw the coherent motion T2; and (ii) to report, if necessary by guessing, the direction of motion of T2. difficulties (open triangles in Fig. 2) . In none of the five subjects tested there was a significant effect of lag (effect of lag: n.s.; the lag now refers to the temporal separation from the preceding coherent motion rather than to the temporal separation from the red fixation). Therefore, the impairment in processing of motion signals observed was due to the effect of attention, rather than rapid succession and brief presentation of the coherent motion intervals.
Further evidence against the possibility that the rapid succession of coherent motion intervals could have masked the detection of motion at early lags after T1 came from a second experiment. In experiment 2, we increased the minimum random motion time interval prior to T1 from 100 to 300 ms. If masking was causing the impairment in detecting coherent motion at early lags after T1, increasing the time interval before T1 in which no coherent motion was presented would have reduced the impairment. The results for five new subjects are shown in Fig. 3 a, b (motion detection, solid diamonds; correct direction discrimination, open diamonds). Statistical analysis revealed that the results were similar to those in experiment 1 (Fig. 2 , diamonds and circles) (interaction experiment× lag: n.s.), indicating that forward masking by the coherent motion intervals prior to T1 cannot account for the impairment in motion processing.
In summary, experiments 1 and 2 indicate that the processing of global transparent motion can be severely impaired when simultaneously processing a change in colour, which in turn requires a shift in attention. Since masking is unlikely to produce a comparable effect, the transient motion blindness appears to be induced primarily by attentional demands.
In order to investigate whether the impairment in detection of T2 was as a result of attending to T1 or was a consequence of forward masking by non-attended coherent motions, a control task was carried out in the same subjects. Using the same display, subjects were asked to ignore the changes in fixation colour and only report the direction of motion of the last coherent motion interval observed. By not requiring the processing of the local stream, direction of the last coherent motion in the global stream was processed without any Fig. 3 . Plots the percentage of trials when coherent motion was detected: (a) and its direction was correctly discriminated; (b) for four experiments: (i) T1 was embedded in a temporal stream and T2 was the transparent global motion of black or white dots, one group at the time moving at 100% coherence (diamonds, experiment 2), in this condition the pre T1 interval of random motion was increased to 300 ms; (ii) T1 was a momentarily changed fixation colour from black to red and T2 was the same transparent global motion as in: (i) (circles, experiment 3); (iii) the same as: (i) except all distractor coherent motion interval before T2 were removed (squares, experiment 4); and (iv) T1 was a momentarily changed fixation colour from black to red and T2 was the first order motion of white dots at 100% coherence (no black dots present; triangles, experiment 5). Every data point is the average of 40 trials per lag per subject and averaged across five subjects. Error bars plot 9SEM.
In order to investigate the effect of attentional load on local and global processing levels, the salience of the target events was modified in two further experiments. In experiment 3 we simplified the local RSVP sequence by setting the fixation colour to black and only changing the colour momentarily to red for 100 ms to signal T1. While a single transient change of colour occurred in the local stream, the characteristics of the global stream (mixed random and coherent motions of the two subsets) remained unchanged. The results of five additional subjects for motion detection (solid circles) and direction discrimination (open circles) are shown in Fig.  3 a, b . As observed in the previous experiments, motion detection and direction discrimination were still significantly impaired for SOA's below 200 ms (effect of lag: PB 0.001). However, the deficits were less pronounced for a single transient in the local stream than for multiple transients (interaction experiment× lag: P B 0.001 for motion detection). Post-hoc tests revealed significant differences at lags 100 and 200 ms. In a fourth experiment, all coherent motion intervals before T1 were replaced by random motion, therefore T2 was the only coherent motion interval embedded in random motion. T1, in contrast, was embedded in a local stream of multiple colour changes. In order to check for false alarms, T1 was not presented in 20% of the trials. Subjects were asked to report whether T1 was present within the local RSVP; whether they detected the presence of a single coherent motion interval; and if so to report its direction. The results for detection of motion (solid squares) and direction discrimination (open squares) are shown in Fig. 3a, b . Trials, in which subjects missed the occurrence of T1 were excluded from the analysis. Rate for false alarms and misses on T1 was approximately 1%. Subjects had no difficulty in detecting the coherent motion and discriminating its direction even at lags below 200 ms (effect of lag: n.s.).
The findings described above are based on the coherent motion of a subset of pixels. The perceptual experience of such stimuli is one of transparent motion, since the segregation of luminance levels gives rise to one group of dots appearing to move in a different plane than the second group. Thus the group of dots moving randomly induce motion noise which has to be filtered out before extracting the coherent motion signal. We have also investigated the impairment in processing of a pure first order motion using the same experimental paradigm (experiment 5) by removing all the black dots from the display. Consequently, our first order motion stimulus consisted of white dots moving at 100% coherence. A pure first order or luminance defined motion is generally assumed to be processed pre-attentively. Again the subject was asked to fixate on the fixation point and await a momentarily presented red fixation (T1), ignoring all coherent motion prior to T1. The percentage of the trials where motion was detected (solid triangles) and correct direction discrimination (open triangles) are shown in Fig. 3a, b . Impairment in processing of first order motion were found at SOA's below 200 ms (effect of lag: PB 0.001). However, in comparison with the equivalent experiment using transparent motion (experiment 3), the impairment in experiment 5 was less pronounced at early lags (interaction experiment× lag: P B 0.02).
Discussion
In summary, we have demonstrated that detection of a basic stimulus feature such as motion, may be severely impaired by changes in attention. The effect was strongest when the task of detecting the local target was more complex (multiple colour changes rather than just one, experiment 3) and when motion task involved transparent motion rather than a pure first order motion of dots (experiment 5). The transient motion blindness disappeared if subjects did not perform the discrimination of the local target (experiment 1) or when there was no coherent motion prior to the probe (experiment 4). The findings could not be explained based on motion masking effects (experiment 1, control).
Attentional switching or set shifting as observed in dual task performance (for a review see Pashler & Johnston, 1998) would predict a deficit in processing of the second target reflecting the central processing limitations. As shown in previous studies (Rock, Linenett, Grant, & Mack, 1992; Joseph et al., 1997; Ross & Jolicoeur, 1999) most visual features seem to be contingent upon the availability of limited resources. Therefore, in our RSVP paradigm, impairment in processing of T2 would be expected since it occurs shortly after processing of T1. According to Shapiro et al. (1994) , the attentional blink induced by processing of T1 reflects an interference of target information in visual short term memory. We cannot completely rule out an interference between the processing of T1 and T2, even though a motion blindness can still be obtained if the salience of T1 is increased (experiment 3). Furthermore, the short-lived motion blindness observed in our experiments recovered at lags above 200 ms whereas an attentional blink is often most pronounced if the delay between T1 and T2 is about 300-400 ms (Shapiaro et al., 1994) .
Single cell studies addressing the detection of global motion from 'noisy' background motion (Movshon, Adelson, Gizzi, & Newsome, 1985) have suggested that direction of motion of such global stimuli are better encoded in extrastriate areas than in the striate cortex. In contrast, the direction of motion of first order motion stimuli is thought to be primarily extracted early in visual processing. We speculate that the difference in the depth of the impairment in motion processing between the two conditions (experiments 2 and 5) may be related to the greater effect of attentional modulation on the extrastriate than the striate cortex. However, other possibilities such as increased memory load cannot be discarded without further experiments.
The inhibitory effect of a preceding ('prime') motion direction information on the processing of a target motion direction has been reported in a recent study (Raymond, O'Donnell, & Tipper, 1998) . Raymond et al. cued the subjects to attend to one direction of motion in a prime display lasting 600 ms (moving up/down or right/left). After a brief blank period sensitivity for different motion directions was measured by determining the coherence threshold for successful detection. Under these experimental conditions, motion sensitivity for the direction of the probe was affected by congruency of prime and probe's direction of motion. Since in our experiments multiple coherent motions varying in directions preceded the target, a priming effect as reported by Raymond et al., may not explain the induced motion blindness.
We would like to propose the following explanation for the results obtained in experiments 1, 2, 3 and 5: While subjects are focussing their attention on the fixation point, the coherent motion intervals prior to T1 serve as distractor signals that have to be ignored/suppressed or inhibited. This mechanism has already been described in studies requiring the identification and localisation of visual stimuli (Tipper, Weaver, Cameron, Brehaut, & Bastedo, 1991; Rees, Russell, Frith, & Driver, 1999) . More recent ERP studies (Valdes-Sosa et al., 1998) reporting a significant reduction of early visually evoked potentials on non-attended motion onsets substantiate this idea. The suppression of coherent motion distractors is released by the occurrence of the local target (T1), which also initiates a shift of attention. We propose that the coherent target motions presented at early lags are not detected since the suppression of the global signal has not been fully released. In contrast, unique coherent motions can be processed pre-attentively because the suppression of irrelevant coherent motions is not necessary. To investigate whether this is a more likely explanation of the processes involved, we are currently investigating the ERP components elicited by the onset of coherent motion in our RSVP paradigm for conditions where the subjects are required to either report or ignore their presence. Taken together, our studies described here indicate that the processing of visual motion, including first order motion signals, is not always carried out pre-attentively.
